There is growing evidence that indoor air pollution is a risk factor for the development of respiratory symptoms and illnesses in children. [1] [2] [3] [4] In the current literature of air pollution epidemiology, household gas combustion has often been considered a major source of indoor air pollution. [5] [6] [7] [8] The reason is that coal and other 'dirty' solid fuels are rarely used in Western countries where most available studies have been conducted. In many parts of the world, including China, another major IJE vol.33 Background We explored methods to develop uncorrelated variables for epidemiological analysis models. They were used to examine associations between respiratory health outcomes and multiple household risk factors.
source of indoor air pollution is household coal combustion, used for heating and cooking. 9, 10 For example, in the four Chinese cities of Chongqing, Guangzhou, Lanzhou, and Wuhan, approximately 51-71% of households used coal for heating or cooking. 11, 12 Burning coal generally produces more air pollutants, in greater amounts, than burning liquid fuels or gas. 13 However, few studies have systematically examined the health effects of household coal combustion. The results of the health effects from a limited number of published studies are somewhat inconsistent. [14] [15] [16] This inconsistency may partly result from uncertainties associated with indoor exposure characterization and classification.
Most analyses of health effects of indoor air pollution exposure have relied on the data collected through questionnaire surveys. In epidemiological settings, a questionnaire is usually designed to ask a large set of questions on the subjects' attributes with the purpose of obtaining enough information for the subsequent exposure assessment. However, sometimes the questions may not be the direct indicators of true exposure variables. The true exposure variables may be difficult or impossible to define, or may not be directly measurable. [17] [18] [19] Sorting out useful information from the large amount of data collected is always a challenging task but is critical to obtain objective and unbiased exposure assessment in an epidemiological study. In the Four Chinese Cities Study (FCCS), we established a large dataset using a standardized questionnaire survey approach. 16 This dataset contains a large amount of information on household air pollution sources (e.g. types of fuels and tobacco smoking), house characteristics that affect indoor air pollution levels (e.g. house type and ventilation conditions), and activities affecting pollution exposure (e.g. cooking location and cooking frequencies). It is of public health importance to ascertain the degree to which the known indoor air pollution sources (coal smoke targeted specifically) affect health and to identify potential risk factors from the large set of household variables collected from the questionnaire survey.
Factor analysis has been widely used to identify and summarize many inter-relationships that exist among individual variables. In a factor analysis, inter-correlated variables are combined into a smaller number of new variables (factors). This may enable us to simplify the dataset and consequently gain insights about underlying risk factors and true exposures that are linked to adverse health effects. 20 In this study, we hypothesize that exposure to household coal combustion and environmental tobacco smoke (ETS) is positively associated with high prevalence of respiratory conditions in children. We extracted a set of uncorrelated (orthogonal) household risk factors from a large set of original variables obtained through the questionnaire survey by using a factor analysis method. We then used the factor scores of the extracted factors as independent variables in subsequent logistic regression models to examine associations between exposure and health outcomes. We expected the use of factor-score based variables to minimize the multicollinearity problem that is present in conventional regression analyses and to limit uncertainties associated with indoor exposure assessment. 21, 22 
Methods

Subjects
The study subjects have been described in the previous papers. 23, 24 Briefly, the FCCS included four geographically distinct large cities in China. In each city, two districts were selected with one being an inner city district of relatively high ambient air pollution levels and the other being a suburban district of relatively low ambient air pollution levels. In each district, one primary school was chosen for the study with the exception of the Wuhan suburban district. Two primary schools were chosen in this district to obtain a sample size comparable to those in other districts. A total of 7817 questionnaires were distributed to all the students enrolled in the selected schools, and 7754 completed questionnaires were collected from 1993 to 1996. Some of the returned questionnaires were excluded from further analyses based on the following considerations: (1) if a child had resided in his/her community for less than 2 years; (2) if a child's household used wood as the main heating and cooking fuel. (The percentage rates of wood used for heating and cooking were small, Ͻ5%, in seven of the eight districts. The inclusion of wood-using households may complicate the investigation of coal smoke effects.); and (3) if there were unanswered or ambiguously answered key questions that could not be clarified. After these screenings had been completed, a total of 7058 children remained in the subject pool (Table 1) .
Questionnaire survey
The questionnaire in the FCCS was designed to collect information on general demographics, children's health history and current status of respiratory symptoms and illnesses, parental health history and current status of respiratory illnesses and symptoms, house characteristics and ventilation, household heating and cooking methods and fuel types, parental and family member smoking status (amount and history), children's living habits, and socioeconomic characteristics. Before the questionnaire survey was conducted, written and signed consent forms had been received from the parents or guardians of the participating children. During the survey, the study staff members obtained the permission and support of the school personnel. With the help of the school personnel, the study staff invited the parents or guardians of all the students to a meeting in the selected schools. The parents or guardians completed the questionnaires at the schools in Wuhan, Lanzhou, and Chongqing, but not in Guangzhou, where the parents preferred to complete the questionnaires in their homes.
Definition of respiratory health outcomes
Children's lifetime respiratory conditions were determined from questionnaire responses and were defined as follows:
Persistent cough
The answers to several cough-related questions indicate that the child under study had coughed for at least one month per year either along with or apart from colds.
Persistent phlegm
The answers to several phlegm-related questions indicate that the child had brought up phlegm or mucus from the chest for at least one month per year either along with or apart from colds.
Cough with phlegm
A yes answer to both cough and phlegm questions. (Cough: a yes answer to either of the two questions 'When this child has a cold, does he/she usually have a cough?' or 'When this child does not have a cold, does he/she usually have a cough?' Phlegm: a yes answer to either of the two questions 'When this child has a cold, does he/she usually bring up phlegm or mucus from his/her chest?' or 'When this child does not have a cold, does he/she usually bring up phlegm or mucus from his/her chest?') Wheeze A yes answer to any of the following questions 'Has this child's chest ever sounded wheezy or whistling when he/she has had a cold?'; 'Has this child's chest ever sounded wheezy or whistling when he/she has not had a cold?'; or 'Has this child's chest ever sounded wheezy or whistling on most days or nights?'.
Bronchitis
A yes answer to the question 'Has a doctor ever diagnosed bronchitis in this child?'.
Asthma
A yes answer to the question 'Has a doctor ever diagnosed asthma in this child?'.
Statistical analysis
We conducted data analysis at two levels, factor analysis, and unconditional logistic regression analysis. We first screened all original variables in the study database. These variables corresponded to individual questions in the survey questionnaire. These variables consisted of 222 fields in SAS database format. We excluded some variables from the factor analyses based on the following considerations: (1) if a variable only provided information (e.g. children's school grades and other nonhousehold variables) that was not directly related to the purpose of the current analysis, i.e. identifying household factors that were potentially associated with children's respiratory health outcomes. (After this step, 58 fields remained); and (2) if a variable had close to a uniform response across all subjects and it was less likely to have an association with the health outcomes of concern. After the above two screenings, we obtained 51 fields that were recoded and constructed into either ordinal variables or indicator variables. This resulted in the formation of 21 re-organized variables that were used in the factor analysis. 25 We used the SAS Factor procedure and report the results from the principal components analysis with varimax rotations here. We chose variables with factor loadings у0.4 for interpretation in the study. 20, 22 The names of the extracted factors were based on their high loading variables (у0.4). In each unconditional logistic regression model, 26 the dependent variable was one of the respiratory health outcomes of concern (persistent cough, persistent phlegm, cough and phlegm, wheeze, bronchitis, or asthma). The independent variables were the factor scores of the factors obtained from the factor analysis, along with age, gender, and the district dummy variables. Table 2 summarizes the high loading variables on the five factors generated from the factor analysis. The naming of factors was based on the high loading variables in each of the five factors. Factor 1 was highly loaded with household heating in winter, coal used for heating, coal stoves used for heating, and chimney used for heating stoves. Given the nature of the loading variables in this factor, we named this factor 'heating coal smoke'. Factor 2 was highly loaded with coal used for cooking, coal stoves used for cooking, outside cooking, apartment, and one-story house. We named this factor 'cooking coal smoke'. Factor 3, called 'socioeconomic status', was highly loaded with mother's education level, mother's occupation, father's (Table 2) . Table 3 summarizes the customized odds ratios (OR) and 95% CI for children's respiratory symptoms and illnesses. In the unconditional logistic regression model, the slope coefficient β j associated with an explanatory variable X j represents the change in log odds for an increase of one unit in X j. The odds ratio (OR, e β ) is the ratio of odds for a one-unit change in X j . In the current analysis, a change of one unit in the factor scores may be too small to be considered important while a change of the difference between the third quartile (75%) and the first quartile (25%) may be more meaningful. We, therefore, report the customized OR in this paper with the purpose of presenting the OR for a Q-spread (25-75%) change in the factor scores. [27] [28] The children's exposure to the heating coal smoke factor was significantly associated with cough with phlegm (OR = 1. (Table 3 ).
Results
Discussion
The results from the present study support our hypothesis that household coal combustion is positively associated with high prevalence of respiratory symptoms and illnesses in Chinese children. The results further indicate that it is exposure to the heating coal smoke factor, but not the cooking coal smoke, that is significantly associated with cough with phlegm, wheeze, and asthma. The results also show that socioeconomic status, household ventilation, presence of parental asthma, and exposure to ETS may be important indicators of the respiratory health for the children under study.
Surprisingly, the results show that lower socioeconomic status was significantly associated with lower reporting of persistent cough and bronchitis in children. There are two possible reasons that may explain the results. In this study, low socioeconomic The distance between the first (25th percentile) and the third (75th percentile) factor score quartiles, Q 3 -Q status means that the parents had low education levels and were manual labourers. There might be a difference in rates of reporting based on the parents' education level. That is, the better-educated parents might be more likely to report symptoms. Another reason is that the current analysis used data collected in China from 1993 to 1996 when society was unstable with many reforms being implemented. Lower socioeconomic status households, as defined in the current analysis, might not represent a group with low incomes as it would in developed countries where the level of socioeconomic status is generally in agreement with household incomes. For example, at that time parents with low education levels might have higher incomes than those with high education, and manual labourers might also obtain higher salaries than nonmanual labourers. Households with high incomes tended to use 'cleaner' but more expensive fuel at home, such as gas or electricity. The children living in these households were then exposed to less indoor air pollutants from household heating and cooking activities and had weaker health effects. Due to practical concerns, family income information was not collected in any of the participating households.
Another 'surprising' finding of the current analysis is the lack of associations between any health outcomes and cooking coal smoke exposure. This observation, however, is consistent with a finding from our previous analysis using a different statistical method. 29 We speculate this is mainly because the children under study usually stayed away from their homes when cooking took place and, hence, avoided exposure to peak concentrations of cooking coal smoke. The cooking coal smoke variable constructed here, therefore, may not represent children's true exposure to cooking coal smoke.
To our knowledge, few epidemiological studies on air pollution have examined associations between respiratory health outcomes and exposure by developing multiple exposure variables using factor scores. 30, 31 The large sample size in the present study provided us with a good opportunity to explore 'true' exposure for the children under study by comparing the clustering features of the exposure-related variables in terms of factor patterns. By doing so, we reduced 21 lifestyle/household variables to five potential risk factors relevant to the children's exposure in the four study cities. These results of the variable reduction suggest that the children's exposure was multifactorial. 32 These multiple risk factors might act as true exposure factors or confounding factors associated with children's respiratory health. First, at the variable level, multiple correlated variables were grouped to form a factor. These variables included not only pollution sources but also exposure-related variables such as house type. The factor cooking coal smoke, for example, was composed of five variables, coal used for cooking, coal stoves used for cooking, outside cooking, apartment, and one-story house. Second, at the factor level, the risk factors could be categorized into pollution sources (heating coal smoke, cooking coal smoke), combination of pollution source and related variables (ETS and parental asthma), socioeconomic status, and a factor that influences indoor pollution levels (household ventilation).
The current analysis used factor scores as new variables in the unconditional logistic regression models to study the associations between children's respiratory health outcomes and factor scores. This strategy has three advantages. First, it minimizes the multicollinearity problem since the five developed factors are orthogonal and the correlated variables are blocked within their factors. Second, potential confounding factors are included in the regression model since the identification of the confounding factors in the analysis is not only based on judgement but also on the results from the factor analysis. Third, the roles of each input variable are included when modelling the health outcome in the logistic regression models because the factor scores represent weighted combinations of the subject's scores on each of the input variables. 21, 27 This effort prevented or reduced the possible omission of some important variables in the models. Therefore, we consider this approach preferable for revealing the true exposure among a large set of exposure-related variables from an epidemiological questionnaire survey.
Despite the obvious benefits mentioned above for the factor analysis, it is acknowledged that factor analysis is a complicated sequence of procedures, involving a great deal of subjective judgement. For example, determining the number of factors and labelling them were subjective. The selection of the 21 variables to form the factors was also subjective and merely reflected our preconception as to which pollution-related variables were relevant to the health outcomes under study. In performing the factor analysis, we assumed that the variables collected (through the questionnaire survey) were not necessarily the ones that we were interested in. The procedure was asked to find a set of orthogonal factors that presumably reflect exposure better than original variables. Doing this, however, may hamper us from examining some originally collected variables of interest. For example, Factor 5 consisted of three original variables (fathers' smoking status, other household smokers, and parental asthma). Knowing the health effect of this factor, as a whole, is perhaps less interesting and of less practical importance than knowing the effects of the individual variables.
To separate the ETS effect and the parental asthma effect from the overall effect of Factor 5, we performed a new set of logistic regression analyses using the original variables that formed the 5 factors (Table 2) , along with age, gender, and the district dummy variables, as independent variables. The results show that parental asthma was significantly associated with Table 2 plus age, gender, and the eight study districts.
c ETS was defined as either a father was a smoker or a household member was a smoker.
all six health outcomes; and that ETS exposure was associated significantly with cough with phlegm and bronchitis ( Table 4) . The ETS effects and parental asthma effects observed in the current analysis are generally in agreement with findings from a previous analysis using different models. 24 These results suggest that the overall effects of Factor 5 were largely driven by parental asthma. Reasons for the strong parental asthma effects on children's respiratory health may include the following. Parental asthma may be linked to increased susceptibility in their children to environmental exposure through geneenvironment interactions. The parents and their children might have been exposed to similar levels of indoor air pollution since they had lived in the same houses. Further studies are needed to better understand this question. Center). Dr Zhang's research is also supported in part by an NIEHS center grant # ES05022-10 to the Environmental and Occupational Health Sciences Institute (EOHSI). The views expressed in this article are those of the authors and do not necessarily reflect the views or policies of either the US EPA or the Chinese Government.
KEY MESSAGES
• Associations between respiratory health outcomes and multiple household risk factors were examined by developing uncorrelated variables for epidemiological analysis models using a factor analysis method.
• Higher exposure to heating coal smoke was associated with higher reporting of cough with phlegm, wheeze, and asthma; cooking coal smoke was not associated with any of the outcomes; lower socioeconomic status was associated with lower reporting of persistent cough and bronchitis; higher household ventilation was associated with lower reporting of persistent cough, persistent phlegm, cough with phlegm, bronchitis, wheeze; and higher exposure to environmental tobacco smoke and the presence of parental asthma were associated with higher reporting of persistent cough, persistent phlegm, cough with phlegm, bronchitis, wheeze, and asthma.
• Our findings suggest independent respiratory effects of exposure to indoor air pollution for the studied children.
